During middle childhood, continuous changes occur in electroencephalogram (EEG) coherence, an index of cortico-cortical connectivity of the brain. In the gradual development of EEG coherence, occasional "growth spurts" are observed which coincide with periods of discontinuous development in cognition. Discontinuous development may reflect changes in the genetic architecture of a trait over time, for instance, by the emergence of new genetic factors. To examine stability and change in genetic and environmental influences on EEG coherence from ages 5 to 7 years, intrahemispheric EEG coherences from 14 connections were collected twice in 209 twin pairs. Overall, heritabilities (h 2 ) were moderate to high for all EEG coherences at both ages (average: 58%). For occipito-cortical connections in the right hemisphere, h 2 increased with age due to a decrease in environmental variance. For prefronto-cortical connections in the left hemisphere, h 2 decreased with age due to a decrease in genetic variance. New genetic factors at age 7 were found for prefronto-parietal coherence, and centro-occipital and parieto-occipital EEG coherences in both hemispheres and, in the left hemisphere, for prefronto-frontal EEG coherences. Mean genetic correlation for these cortico-cortical connections over time was 0.72, indicating that at least part of the genetic influences is age-specific. We argue that this is convincing evidence for the existence of stage-wise brain maturation from years 5 to 7, and that growth spurts in EEG coherence may be part of the biological basis for discontinuous cognitive development at that age range.
ual increase in white matter is found that reflects the ongoing myelination of the many connections between different regions of the cortex. This myelination is particularly evident in the gradual increase in size of the corpus callosum (Reiss et al., 1996) and may be more substantial in the left than in the right hemisphere . The increase in white matter is initially paired to an increase in grey matter but after age 4, grey matter gradually decreases (Pfefferbaum et al., 1994) . The decrease in grey matter is thought to reflect a pruning of cell bodies and synaptic contacts such that only connections incorporated into functional networks survive, whereas random connections are eliminated. This age, therefore, demarcates the onset of a better differentiation and integration of functionally distant brain areas.
However, structural imaging studies such as these do not reveal the extent to which the various brain areas become functionally connected. A noninvasive method
INTRODUCTION
Cognitive development in childhood depends on the formation of separate neuronal networks within neural subsystems (e.g., basal ganglia, primary sensory and motor cortex) as well as on their integration through the maturation of intracortical connectivity (Goldman-Rakic, 1987; Huttenlocher, 1990) . Structural brain imaging studies (Chugani, 1994 (Chugani, , 1998 Chugani et al., 1987; of assessing changes in connectivity is provided by electroencephalogram (EEG) coherence, which is the squared cross-correlation in the frequency domain between two EEG time series measured simultaneously at different scalp locations (Nunez, 1981) . The development of EEG coherence from childhood into young adulthood has been extensively documented by Thatcher and co-workers (Thatcher, 1991; 1992; 1994a; 1994b; Thatcher et al., 1986; 1987) . Their EEG coherence data obtained from more than 400 children aged 1 to 17 years showed that a gradual decline in coherence with age appeared to be interspersed with periods of increased coherence. A cyclic pattern of changes in EEG coherence followed by a period of relative stability in EEG coherence was observed with a fluctuation of 2 to 4 years (Thatcher, 1994a; 1994b) . A period of major change in EEG coherence was seen between ages 5 and 7 years, and another at about ages 9 to 11 years (Thatcher, 1994a) . These growth spurts in EEG coherence seem to coincide with the discontinuous, stagewise transitions in cognitive developmental stages as described by Piaget (1966) . The coherence growth spurt at age 6 years coincides with the transition from pre-operational to operational thinking, the growth spurt at age 10 years with the transition of operational thinking to formal logic thinking.
In addition to the association of EEG coherence with cognitive development, changes in EEG coherence have been suggested to be directly associated with shifts from synaptic outgrowth to synaptic "pruning," and vice versa (Thatcher et al., 1994; Kaiser and Gruzelier, 1996) . In fact, the growth cycles of approximately 2 to 4 years may be explained as shifts from a phase of overproduction of synapses to a phase of pruning of nonfunctional synapses. It was suggested that increases in EEG coherence between distant scalp locations reflect the temporary overproduction of synapses, whereas the decline in EEG coherence reflects selective pruning of existing synaptic connections according to the demands of the environment (Thatcher, 1994a) . Synaptic growth may be assumed to be mainly determined by genetic effects (Changeux and Danchin, 1976; Changeux and Dehaene, 1989; Chen and Tonegawa, 1997) . During pruning, however, genetic effects interact with environmental effects that determine which synapses will be consolidated or eliminated (Greenough et al., 1987; Klintsova and Greenough, 1999) . Thus, during development, a phase of synaptic overproduction may coincide with increased genetic variance, whereas a phase of pruning may be associated with increased environmental variance. In addition, the genetic 638 van Baal, Boomsma, and de Geus factors that influence pruning are likely to be different from those that influence growth, so that new genetic factors may emerge during a maturational shift from synaptic production to pruning. The shifts from pruning to synaptic outgrowth, and vice versa, may show strong regional differences, e.g., the frontal brain could switch to pruning at the same time that other parts switch to synaptogenesis. Changes in the relative influence of environmental and genetic influences on cortico-cortical connectivity can be studied using longitudinal EEG coherence data from genetically related subjects. In the present study, heritability will be studied at the start and at the end of a putative growth spurt, e.g., from ages 5 to 7. Previous studies measuring EEG coherence in young twins (Ibatoullina et al., 1994; showed that for both long-and short-distance intrahemispheric coherences, a significant part of the variance was explained by genetic influences. Mean heritability over all cortico-cortical connections was 49% in a large cohort of 5-year-old twins . In this same cohort, the changes in these heritabilities will now be studied 1.5 years later. To allow for a topographical differentiation of brain maturationvarious studies have indicated that anterior and posterior brain areas and left and right hemispheres develop at different rates (Thatcher, 1991; 1994a; 1994b; Thatcher et al., 1987 )-short and long distance connections along the anterio-posterior axis and the posterio-anterior axis (e.g., prefronto-cortical and occipitocortical coherences) will be tested in left and right hemispheres separately. Likewise, in view of structural brain imaging findings (Gur et al., 1999) sex differences in heritability will be explicitly modelled throughout.
As outlined above, discontinuity of EEG coherence in a region of the brain is thought to be paired to a switch from pruning of synapses to synaptic outgrowth in that region. Such effects should be reflected in topographically confined increases in genetic variance. The huge advantage of a longitudinal genetic analysis of EEG coherence is that it can directly test whether such increased genetic variance reflects amplification of existing gene effects or the emergence of the effects of new genes influencing EEG coherences at age 5 compared with age 7. Thus, apart from establishing topographically differentiated changes in the relative contribution of genetic and environmental influences from age 5 to 7, the model fitting approach in this paper is used to test the emergence of new genetic and environment factors at age 7 years. Newly emerging genetic factors at age 7 years would strongly support the theoretical notion of a discontinuous development of cortico-cortical connectivity.
METHODS

Subjects
A longitudinal study of genetic and environmental influences on neural development during childhood was conducted in 209 twin pairs (mean age first measurement ϭ 5.3 years, SD ϭ 0.2 years; mean age second measurement ϭ 6.8 years, SD ϭ 0.2 years). The twins were all registered in the Netherlands Twin Register, which contains approximately 50% of all Dutch twins born after 1986 (Boomsma et al., 1992) . All participants were healthy, with a normal IQ , and normal or corrected to normal vision. Zygosity determination for same-sex twin pairs was based either on blood typing or on DNA polymorphisms (159 pairs). For 11 same-sex twin pairs, these data were not available. These twins were assigned to a zygosity group using a discriminant analysis based on their physical appearance (hair color, hair form, on confusion of identity by acquaintances, and on confusion of identity by close friends of the family).
Of the 209 twin pairs participating in this study, 152 twin pairs had complete data on both measurement occasions. In addition, measurements of EEG coherence at a single time-point were available for fifteen 5-yearold twin pairs and thirty 7-year-old twin pairs. No coherence data could be obtained from 12 twin pairs. Data were not available because of difficulties during the experiment (children fell asleep during the experiment or showed high levels of arousal and cried) or because the twins did not agree to participate a second time. Distribution over zygosity groups for the 167 (i.e., 152 ϩ 15) 5-year-old twin pairs was 34 monozygotic males (MZM), 33 dizygotic males (DZM), 37 monozygotic females (MZF), 32 dizygotic females (DZF), and 31 dizygotic opposite-sex twins (DOS) and for the 182 (i.e., 152 ϩ 30) 7-year-old twin pairs 36 MZM, 37 DZM, 41 MZF, 33 DZF, and 35 DOS.
Procedure
Detailed procedures of data collection are described elsewhere (van Baal et al., 1996) . Briefly, an electrocap with electrodes in the 10-20 system of Jasper (1958) was used to measure brain activity on 14 scalp locations during 3 min of quiet rest with eyes closed. Vertical and horizontal eye movements were recorded
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for correction afterwards. EEG was recorded unipolarly with linked ears referenced according to the method described by Pivik and colleagues (1993) , that is, two separate preamplifiers with high input impedance for each of the reference electrodes were used, and their output was linked electrically. All electrode impedances were kept below 10 K⍀. EEG was recorded continuously on an 18-channel Nihon Kohden PV-441A polygraph. Time constants were set to 5 s, high frequency cut-off was 35 Hz and sample frequency was 250 Hz. Signals were converted with a 12 bits AD converter.
Data Quantification and Data Reduction
First, the EEG time series were divided into 90 two-sec epochs. Epochs with clippings and with abnormal EEG patterns (detected during visual inspection) were excluded from further analysis. Second, EOG artifacts were removed using an automatic regression procedure for EOG-EEG transfer in the frequency domain (Brillinger, 1975) . Signals were converted from the time domain into the frequency domain using a Fast Fourier Transformation. At each frequency, the attenuation (or amplification) of the EEG signal was determined with a gain function and the delay between the two signals was determined by a phase function. These functions were used to correct the EEG periodograms by subtracting the weighted EOG periodogram from the EEG periodogram for each of the 90 two-sec epochs. Subsequently, the corrected EEG periodograms were further processed to obtain power spectra for every electrode position, and cross-spectra and phase-spectra for every EEG electrode combination. The power spectrum depicts the amount of variance in the EEG time series (on the y-axis) that can be attributed to cyclic fluctuations with a given frequency (indicated on the x-axis). The cross-spectra depict the covariance of two signals in these frequency bands. The phase-spectra represent the lead-lag relation between the signals at different scalp locations for every frequency band. Phase-spectra were used to determine whether the signals of two scalp locations actually had a phase difference, because zero phase differences would point to signal transport other than via the axonal fibers (i.e., volume conduction). Power-, cross-, and phase-spectra were calculated over all valid epochs (epochs with clipping or resetting were automatically excluded from analysis, epochs during which the child moved or talked were indicated during the recording session and manually excluded thereafter). The minimum number of epochs was 30. Three sets of spectra per subject and per electrode combination were computed: one for all epochs, one for all odd, and one for all even 2-sec epochs from the total number of EEG registrations. All spectra ranged from 0.5 cycles per second (Hz) to 30 Hz with a 0.5 Hz resolution. EEG coherence spectra were calculated for every 0.5 Hz frequency band, using the formula:
As is shown in this formula, EEG coherence measures the square of the linear association between the two signals and is analogous to the square of the correlation coefficient. Thus, coherence ranges from 0 to 1. In children, largest EEG power is found in the 4.0 to 7.5 Hertz range, i.e., in the theta band (Niedermeyer and Lopes da Silva, 1993) . Therefore, the mean of all 0.5 Hz EEG coherences in the theta range was calculated and then used for statistical analyses. Data were transformed using the formula y ϭ 10 log(x/1 Ϫ x) to obtain a normal distribution of the data, where y is transformed coherence and x is untransformed coherence.
EEG coherence was calculated intrahemispherically, because the majority of connections are within the same hemisphere (Nunez, 1981) . Coherences were calculated separately over the left and right anteriorposterior axes (see Fig. 1 ): from prefrontal electrodes to frontal (Fp1-F3, Fp2-F4), central (Fp1-C3, Fp2-C4), parietal (Fp1-P3, Fp2-P4) and occipital electrodes (Fp1-O1, Fp2-O2), and from occipital electrodes to frontal (F3-O1, F4-O2), central (C3-O1, C4-O2) and parietal electrodes (P3-O1, P4-O2). The interelectrode EEG coherence (cross spectrum ) power spectrum power spectrum
= × 640 van Baal, Boomsma, and de Geus distances were 7, 14, 21 and 28 cm on average for Fp-F, Fp-C, Fp-P, and Fp-O coherences, respectively, and 21, 14 and 7 cm for F-O, C-O, and P-O coherences.
Statistical Analysis
For each EEG coherence, a number of tests were performed using structural equation modeling and maximum likelihood estimation of parameters in Mx (Neale et al., 1999) :
Means
For each electrode combination eight variables were available for a twin pair: for each twin (oldest and youngest 1 ), for each measurement occasion (at age 5 and at age 7) and for odd and even epochs. First, a saturated model was fitted to the data, in which variances, covariances, and means in all 5 zygosity groups (MZM, DZM, MZF, DZF, DOS) were estimated without any constraints. Second, mean values were constrained to be equal for odd and even coherences, for the oldest and youngest of a twin pair and for MZ and DZ twins within a sex. Next, sex differences in mean coherences were tested by constraining mean values of males and females to be equal. Likewise, age differences were tested by constraining mean values at age 5 to be equal to mean values at age 7. Goodness-of-fit of the more constrained model was evaluated by likelihood-ratio tests.
Split-Half Reliability and Temporal Stability; Twin-and Cross-Correlations
To obtain estimates and test for significance of reliability of the signals, split-half correlations (i.e., the correlation between odd and even coherences) were calculated using the same approach. Split-half correlations were constrained to be the same for MZs and DZs, for oldest and youngest, and for males and females, and at ages 5 and 7. Test-retest stability-that is, the phenotypic correlation between true EEG coherence at age 5 and true EEG coherence at age 7-was constrained to be equal for MZ and DZ twins, for oldest and youngest twins, and for males and females. For every measurement occasion (ages 5 and 7) and zygosity group (MZM, DZM, MZF, DZF, and DOS), twin-correlations (i.e., the correlation between true EEG coherence of twin 1 and true EEG coherence of twin 2, per zygosity group) and cross-correlations (i.e., the correlation between twin 1 at age 5 and twin 2 at age 7, or vice versa) were estimated. Sex differences in twin correlations were tested by constraining MZM and MZF correlations to be equal, as well as DZM, DZF and DOS correlations.
Genetic Model Fitting
Genetic and environmental influences on interindividual differences in EEG coherences were tested using the path diagram in Fig. 2 , which is a compilation of three different parts: a model for the decomposition of total observed variance into reliable variance and measurement error; a model which represents the twin design to decompose variance into a genetic and environmental part; and a triangular decomposition of each source of variances and covariances of EEG coherences at ages 5 and 7, to account for genetic and environmental stabilities.
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The decomposition of observed variance into reliable variance and measurement error relies on the fact that EEG coherence was calculated twice at each age and for each child: once for odd-numbered epochs (coh-x) and once for even-numbered epochs (coh-y). These two variables can differ from each other only due to measurement error: All covariance between these variables is variance due to the true coherence. In our model, measurement error was the same for males and females, and for ages 5 and 7 years.
The reliable variance in the EEG coherence was decomposed into genetic (G) and environmental (E) parts. Genetic variance can be decomposed into additive and dominant genetic variance. However, dominant genetic variance cannot exist without additive genetic variance. To construct a structural model that Fig. 2 . Path diagram of multivariate genetic model. The model consists of three parts: the decomposition of observed variance into real variance and measurement error, the twin design, and the decomposition of real variance into genetic and environmental factors, common for both ages or specific to age 7. Phenotypes of both twins (twin 1 and twin 2) are influenced by genetic factors (G) and unique environmental factors (E). The genetic factors are influenced by additive genetic factors (A) and dominant genetic factors (D). Correlation between A twin1 and A twin2 is 1 for MZ twins and .5 for DZ twins, correlation between D twin1 and D twin2 is 1 for MZ twins and .25 for DZ twins. Factor loadings of A and D are constrained to ensure that additive genetic variance is at least twice as large as dominant genetic variance, to yield a biologically plausible model. Gc and Ec are factors common to both ages and Gs and Es are factor loadings specific to age 7 years. Coh ϭ true coherence, coh-x and coh-y are observed coherences, a ϭ additive genetic factor loading, d ϭ dominant genetic factor loading, e ϭ environmental factor loading, u ϭ measurement error factor loading, y is loading of coherence at age 7 on common set of genes.
agrees with the biological reality, a constraint was set to the parameter estimates such that additive genetic variance was at least twice as large as dominant genetic variance (Falconer and Mackay, 1996) . The correlation between additive (A) and between dominant (D) genetic factors equals 1 for MZ twins, and .5 and .25, respectively, for DZ twins (Mather and Jinks, 1977) . Given the relatively small number of subjects in this study, it will probably be difficult to detect dominance (Martin et al., 1978) , but twin correlations for long distance coherences consistently point toward dominance and, therefore, it is included in the models. Environmental variance can be decomposed into shared and unique components. The shared environmental correlation (C) is 1 in both MZ and DZ twins. Correlations for the non-shared, unique environmental influences (E) are 0 for both types of twins. However, twin correlations did not give any indication for shared environmental influences, and C was excluded from further analyses.
For each source of variation (G and E) two factors were specified: one factor that influenced EEG coherence at ages 5 and 7 years and a factor that influenced EEG coherence at age 7 years only. The first factor is common to both ages and may contribute to the covariance (stability) between EEG coherences measured at ages 5 and 7 years. The second factor accounts for specific influences at age 7 years. If the factor loading of EEG coherence at age 7 years on the first set of factors is not significantly different from zero, then all (genetic or environmental) variance at age 7 years is due to new influences. If the factor loading of the true-coherence at age 7 on the second set of factors is not significantly different from zero, then no new influences are expressed at age 7 years.
The model in Fig. 2 was fitted to EEG coherences for each electrode combination separately. First an ADE model was fitted (parameter estimates were the same for males and for females). Then, dominant genetic variance at age 7 years was left out of the model (AcAsDc model, where Ac is common additive genetic variance, As is specific additive genetic variance, and Dc is common dominant genetic variance). After that, common dominant genetic variance was discarded from the model (AcAs) and subsequently additive genetic variance at age 7 years (Ac). If appropriate, a further reduction was accomplished, giving a model with two age-specific additive genetic influences (A5A7) or a model without genetic influences (E). For all models, specific environmental in-
642
van Baal, Boomsma, and de Geus fluences were represented by a triangular decomposition (Choleski decomposition). For the best-fitting model, broad heritabilities (h 2 ) were calculated as the percentage of (additive and dominant) genetic variance over total reliable variance. In addition, genetic and environmental correlations between coherences at ages 5 and 7 years were calculated. In the final model, maximum likelihood based 95% confidence intervals (CI) of all estimates were obtained (Neale and Miller, 1997) .
Structural equation modeling using the computer program Mx (Neale et al., 1999) was applied to obtain the best-fitting model. Maximum likelihood was used for parameter estimation. The goodness-of-fit of the ADE model was compared with the goodness-of-fit of a saturated model. Thus, a 2 which indicates the goodness-of-fit of this model was obtained. To compare the fit of two nested models, hierarchic 2 tests were used. With these tests, the log-likelihood of a nested model is subtracted from the log-likelihood of a more general model. Twice this difference is 2 distributed, with the difference of df 's of the two models as degrees of freedom. When a constrained model does not describe the data significantly worse than the more general model, the most parsimonious model (i.e., with the least parameters) is chosen. Because the sample contains missing data, the data could not be summarized in dispersion matrices, and the models had to be fitted directly to the raw data. The likelihood of each pedigree is calculated separately and the product of these likelihoods (i.e., the sum of the log-likelihood) is maximized (Neale and Cardon, 1992) .
RESULTS
Means
Except for 1 electrode pairing out of 14 (Fp2-F4), EEG coherences were the same for the oldest and youngest of the twins, for MZ and DZ twins, and for the odd and even coherences. Hence, results below will not consider zygosity or birth order effects. Table I gives the mean values of EEG coherences for males and females at both ages and model fitting results for tests of sex and age differences are reported. Significantly lower short-distance coherences in males were found for Fp1-F3, Fp1-C3, P3-O1, and Fp2-F4. This difference was most obvious in 5-year-old children. Coherences of males and females became more similar at age 7 years. Anterior short-distance coherences were largely the same at age 5 and age 7. Posterior shortdistance coherences and all long-distance coherences decreased from age 5 to 7 years. Fig. 3 shows split-half correlations across even and odd epochs and temporal stability of EEG coherence without and with correction for split-half correlations. Split-half correlations were the same for males and females and for ages 5 and 7 (exceptions were slightly higher correlations for males at P4-O2 and lower correlations for both sexes at age 7 for Fp1-O1 and F3-O1). Split-half correlations became lower with increasing distance, indicating larger measurement errors for longer distances. Lowest split-half reliability was found for coherence between Fp2 and O2 (0.58), highest reliability was found for P3-O1 (0.92).
Split-Half Reliability and Temporal Stability
When stability was calculated without taking the differences in split-half reliabilities into account, no clear pattern emerged (correlations ranged from 0.30 to 0.46). However, when temporal stability was corrected for split-half reliabilities, low to moderate sta-
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bilities were found (0.34 to 0.71), which increased with increasing interelectrode distance, indicating that EEG coherence at age 5 years is a better predictor of EEG coherence at age 7 years for long-distance connectivity. Sex differences in stabilities were not significant.
Twin-and Cross-Correlations
Correlations of latent phenotypes (i.e., corrected for measurement errors) are shown in Table II . Sex differences in twin correlations were never significant (with the possible exception of P3-O1 coherence, for which the difference in 2 (df ϭ 6) was 12.62, p ϭ 0.050). MZ correlations were always higher than DZ correlations, indicating the importance of genetic factors. In fact, MZ correlations for long-distance coherences were mostly more than twice the DZ correlations, pointing to non-additive genetic influences. For a number of electrode combinations, MZ correlations seemed to change with age, suggesting different heritabilities over time. MZ cross-correlations were slightly lower than test-retest correlations and higher than DZ cross-correlations, which indicates that the stability between first and second measurement is largely genetic in origin. Again, the much higher cross-correlations in MZ twins compared with DZ twins suggests non-additive genetic influences.
All mentioned effects were formally tested using structural equation modelling.
Genetic Model Fitting
The model summarized in Fig. 2 was used to study the effects of genetic and environmental influences on EEG coherence. First, the model with additive genetic, dominant genetic and unique environmental factors (common for ages 5 and 7 years and specific for age 7 years) was fitted to the data. Because twin correlations were not significantly different for males and females, parameter estimates were constrained to be equal for both sexes.
For all EEG coherences dominance influences, that is, Ds (specific at age 7 years) and Dc (common for ages 5 and 7 years), could be discarded from the analyses without significantly reducing the fit of the models. The latter factor, which accounts for stability in EEG coherence, showed a trend toward dominant genetic influences for long-distance coherences ( 2 -differences ranging 644 van Baal, Boomsma, and de Geus from 2.45 to 3.38), but was never significant. Specific additive genetic influences at age 7 years could not be left out of the models: Table III shows that for a number of cortico-cortical connections, significant 2 values ranging from 4.48 to 17.80 (df ϭ 1) were found between a model with common specific and additive specific genetic factors (AcAs) and a model with only a common additive genetic factor (Ac). This was not the case for prefronto-frontal, prefronto-central, and prefrontooccipital EEG coherences: For these EEG coherences the specific additive genetic factor could be discarded from the models. The common genetic influences could never be discarded from the analyses without a significant reduction in goodness-of-fit, indicating genuine genetic influences on individual differences in connectivity. Fig. 4 displays heritability estimates of left and right hemispheric EEG coherences at ages 5 and 7 years (second column). Heritabilities were moderate to high, ranging from 25% to 85%. There was an increase in heritability with increasing distance which was most obvious in the anterior to posterior direction. Heritabilities of EEG coherences in the posterior to anterior direction were more alike and did not vary substantially with distance. The distance-related increase in heritability of EEG coherence in the anterior to posterior direction was most obvious at age 7 years, but was already present at age 5 years. Heritabilities for left and right homologous EEG coherences were mostly the same, except for prefronto-frontal and prefronto-central coherences at age 5 years. For these coherences, left hemispheric coherences showed larger heritabilities.
Heritabilities
Based on confidence intervals, heritabilities for left hemispheric coherences in the anterior to posterior values of EEG coherences, thus asking for joint modelling of means and variances (Dolan et al., 1991) . However, the age-related changes in mean coherences (column 1, Fig. 4) show a different pattern than age related changes in total variances, and most certainly a different pattern than age-related changes in genetic and environmental variances. Therefore, we did not pursue this type of analyses.
Genetic Correlations Between Ages 5 and 7 Years
In the last column of Table III , genetic correlations between EEG coherences at ages 5 and 7 are shown. The significant estimates of genetic correlations (for prefronto-parietal, centro-occipital, parieto-occipital, and right fronto-occipital EEG coherences) ranged from 0.58 to 0.78.
DISCUSSION
This study examined EEG coherence in 209 young twin pairs at age 5 and again 1.5 years later, at approximately 7 years. Thatcher and colleagues (1987; 1991; 1994a; 1994b) have shown this to be a period of major changes in cortico-cortical connectivity, as indexed by EEG coherence. This was largely substantiated by the results of the present study: We found increasing right prefronto-frontal coherences, no changes in prefrontocentral connections, and decreases in all longer distance and posterior EEG coherences. Thatcher et al. (1987) showed that during the entire development of coherence from year 1 to 17, the coherence changes from age 5 to age 7 appear to constitute a clear "growth spurt." This ties in well with the idea that in early development, a genetically mediated overabundancy of synaptic contacts is followed by a "pruning" of the nonfunctional part of these synaptic contacts (Changeux and Danchin, 1976; Changeux and Dehaene, 1989; Chugani, 1998) . The main goal of this paper was to study the changes in genetic and/or environmental contributions to EEG coherence in this period by using the twin methodology.
Heritability of EEG Coherence
As a first step, we established heritability at both ages. At age 5, heritabilities ranged from 44% to 76% in the left hemisphere (average h 2 ϭ 61%) and from 38% to 64% in the right hemisphere (average h 2 ϭ 49%). At age 7 heritabilities ranged from 37% to 74% in the left hemisphere (average h 2 ϭ 59%), and from 25% to 85% in the right hemisphere (average h 2 ϭ direction (Fp-F and Fp-P) decreased from age 5 to age 7 years. Corresponding right hemispheric coherence heritabilities, however, did not change with age. Heritabilities in the right hemisphere increased for all posterior to anterior coherences (Fp-O, F-O, C-O and P-O), but showed no significant age-related change in heritabilities for the corresponding left hemispheric coherences (except for occipital to parietal EEG coherence, which reached significance exactly at the 0.05 level). These age-related changes in heritabilities largely reflect changes in genetic and environmental variances (see columns 4 and 5 of Fig. 4 ). Genetic variances decreased strongly in left hemispheric anterior to posterior coherences (prefrontal to frontal, central and parietal connections) but increased in right hemispheric posterior to anterior coherences (occipital to parietal, central and prefrontal connections). No differences (based on confidence intervals of estimates) of genetic variances of other EEG coherences were found (except a decrease in right prefronto-frontal genetic variance). Environmental variances decreased substantially for right hemispheric posterior to anterior EEG coherences, as well as for left parieto-occipital, prefronto-frontal, and right prefronto-central EEG coherences.
These changes in genetic and environmental variances result in changes in total variances, as shown in the column 3 of Fig. 4 . One might expect that these differences in total variances reflect differences in mean 
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van Baal, Boomsma, and de Geus 62%). The evidence of substantial heritability of coherence conforms with previous studies by others in groups of children of the same age (Ibatoullina et al., 1994) or in adolescents (van Beijsterveldt et al., 1998) . The genetic effects on coherence may take many forms. They could operate through proteins (e.g., oligodendrocyte-specific proteins) affecting axon diameter, ion channel density and myelination (Griffiths et al., 1995; Ikenaka and Kagawa, 1995) , or through proteins (e.g., growth factors) affecting various aspects of synaptic connectivity like synaptogenesis, axonal sprouting, expansion of existing synaptic terminals (Klintsova and Greenough, 1999; Thatcher, 1994a) . At both ages, the strength of the genetic influences increased with electrode distance. A previous report on EEG coherence at age 5 years had already hinted at this. Assessment of measurement error in that study, however, was not integrated in the structural models as was done in the analyses of the present paper. It proved necessary to take reliability into account when comparing heritabilities of long-and short-distance coherences: Split-half correlations ranged from .92 for the shortest cortico-cortical connections to .57 for longest cortico-cortical connections. When measurement error was accounted for, higher heritabilities were found for longer-distance coherences compared to shortest-distance coherences at both ages. A possible explanation for the different heritabilities is a fundamental difference in the nature of short and long EEG coherences. The "two-compartment" model of EEG coherence (Szentagothai, 1978; Thatcher et al., 1986) , based on the structural properties of the human cortex, proposes a compartment A that receives input from the short fiber system, that is, from axonal connections of neighboring pyramidal cells. Compartment B receives input from the long fiber system, which contains long-distance axonal connections from other parts of the brain and represents the majority of the white matter fibers. Both systems contribute to EEG coherence at relatively short distances (i.e., a few centimeters), whereas EEG coherence at the longer distances is influenced by the long-distance fiber system only.
Our data suggest that, apart from the extent of their influence, the nature of the genetic factors may also differ for short-and long-distance connections. Inspection of twin-and cross-correlations and model-fitting results suggests that, mainly for longer-distance connections of the prefrontal cortex to other areas of the brain, the genetic influences were not entirely additive in nature.
Interactions between alleles at the same locus (dominance) or interaction between alleles at different loci (epistasis) may be important. Such non-additive genetic influences are difficult to detect. Although the number of subjects in the present study is substantial for a psychophysiological study, substantially more subjects would be needed to gain statistical power to detect dominance (Posthuma and Boomsma, 2000) . This might be achieved using a multivariate approach with EEG coherences from many more electrode combinations, preferably using a more dense electrode array.
Change in Genetic Architecture From Ages 5 to 7
In the 1.5 years between the first and second measurements, heritabilities significantly increased for anterior to posterior connections in the left prefrontal cortex, whereas they decreased for all posterior to anterior connections in the right occipital cortex (see Table III ). The decrease in heritabilities in the left hemisphere was driven by a strong reduction in the genetic variance from age 5 to 7, possibly reflecting a decrease in synaptogenesis for these connections. The increase in heritabilities in the right hemisphere reflected a reduction in environmental variance paired to an increase in genetic variance, which might be interpreted as a shift from substantial reorganization through pruning to a more static state of the brain. In addition to these topographically differentiated changes in heritabilities of EEG coherence, impressive changes in the genetic architecture were found. We demonstrated the emergence of new additive genetic factors at age 7 for central-occipital and parietal-occipital coherences in both left and right hemispheres. The topography of the emerging factors suggest that they could reflect the maturation of the visual "dorsal stream" (Ungerleider and Haxby, 1994) , i.e., the connection of somatosensory and motor areas to the visual association cortices in the posterior parietal cortex. In line with this explanation, the newly emerging additive genetic factors at age 7 found for left and right prefronto-parietal coherences could reflect the spatiovisual rehearsal loop connecting the dorsal stream to the dorsolateral prefrontal cortex (Ungerleider et al., 1998) . Taking this even further, the maturation of the dorsal stream of the visual system could be a necessary qualitative change in brain architecture for the development of the Piagetian concepts of conservation ability and object permanence that arise around this age (Piaget, 1966; Piaget and Inhelder, 1969) . This is mere conjecture at present. However, the topographically differentiated changes in heritability and the emergence of new genetic factors do clearly support the idea of a growth spurt in brain connectivity in this age period. van Baal, Boomsma, and de Geus In summary, from age 5 to age 7 changes in heritabilities of EEG coherence were found that showed clear differentiation as a function of area (prefrontocortical versus occipito-cortical connections) and hemisphere. These changes are compatible with the idea that different functional modules in the brain follow a different maturational program. In addition, our data also show that new genetic influences emerge at age 7 years that were not yet present at 5 years. This adds to evidence for a genuine, qualitative growth spurt in brain development during this period. EEG coherence is a promising endophenotype to detect genes that influence the maturation of brain connectivity.
